Introduction
The design of compact antennas is a topic of considerable interest within the antenna community. For this reason, various miniaturization techniques [1] [2] [3] have been developed such as load of lumped elements (inductive and capacitive), use of passive and active matching circuits, new materials and composites, and metamaterials.
Recently, a new design approach based on the use of metamaterial-inspired constructs has been emerged and applied in order to improve the radiation properties of antennas [4] .
Since 2007, an efficient and electrically small antenna system operating at multifrequency bands was proposed by Erentok and Ziolkowski for new generation communication systems [5] . Next, this new concept was applied to design antennas with improved performances such as miniaturization [6] [7] [8] [9] , high efficiency [10] [11] [12] , enhanced bandwidth [13, 14] , high gain [15, 16] , and reconfigurability [17] [18] [19] .
For example, a new technique inspired from a metamaterial has been proposed for the design of an ultracompact printed antenna (size around 0.178 0 ) for WLAN applications [8] . In [13] , a metamaterial-inspired loading was used for the design of a compact printed dipole antenna (0.294 0 × 0.075 0 ) with enhanced bandwidth of 56%.
The frequency reconfigurability of compact (0.056 0 × 0.047 0 ) metamaterial-inspired antennas was also investigated in [17] , where the operating frequency of a printed monopole with incorporated slot and varactor diode was tuned over the broad frequency range 1.6-2.23 GHz. High efficiency (between 80 and 91%), in addition to radiation patterns reconfigurability, was also obtained for metamaterial inspired compact monoband antennas [18] .
However, the radiation properties of miniature antennas which are highly dependent on the antenna size [20, 21] are usually studied in terms of gain, efficiency, and radiation quality factor and rarely with a directivity point of view. For this reason, we focus our study in this paper on the investigation of the directivity of a compact monopole metamaterialinspired antenna.
Recently, few works were interested in the superdirectivity of metamaterial-inspired compact antennas [22] [23] [24] [25] [26] [27] . The 2 International Journal of Antennas and Propagation main techniques used to realize superdirective antennas were resumed recently in [22] . These techniques are dealing with the use of high-impedance surface [23] , Huygens sources [24, 25] , lumped elements [26] , and electrically small arrays [27] .
In fact, the term of superdirectivity was used by Taylor in 1948 [28] , with reference to the work of Riblet dealing with the maximum directivity of antennas [29] .
In 1958, Harrington [30] proposed a limit for the maximum directivity of an antenna in a specific direction ( 0 , 0 ) by taking modes responsible for the radiation of the structure:
Harrington used the asymptotic expansion of Hankel's functions to establish a relationship between the number of modes and the antenna size :
is the wave number, and is the radius of the smallest sphere enclosing the antenna.
By combining (1) and (2), we obtain
With this expression, Harrington proposed the first limit of the directivity versus the antenna size. When the directivity is greater than max , the antenna is considered superdirective. In this paper, we focus our study on the use of the Huygens source technique in order to improve the compactness and directivity of a monopole metamaterial-inspired antenna.
In a previous work [12] , we have studied a family of efficient metamaterial-inspired antennas composed of a monopole antenna with a split-ring resonator (SRR) parasitic element. Four configurations of the antenna were studied by changing the position of the slot in the SRR loop. It has been shown that, among the four studied configurations, only two of them exhibit a high directivity.
In this work, we propose a deep study in order to analyze the superdirectivity behavior of the two previous configurations of the metamaterial-inspired compact antenna. The antenna consists of a split-ring resonator (SRR) cell placed in the near-field region of a monopole antenna in order to reduce the profile of the structure and to reach the superdirectivity ( > max ). A detailed study will be presented in order to determine the origin of the obtained superdirectivity for the proposed structure. This paper is arranged as follows. In Section 2, details on the structure design are presented. Section 3 presents both numerical analysis of the structure and its experimental validation. Finally, Section 4 gives the main concluded results.
Antennas Design
The structure of the proposed antenna is shown in Figure 1 . The antenna is composed of two elements (SRR and monopole) which are printed on a dielectric substrate and mounted orthogonally on a rectangular ground plane. The considered substrate is Rogers Duroid 5880 of thickness ℎ = 0.8 mm and relative permittivity = 2.2, and the dimensions of the ground plane are 100 × 100 mm 2 . The printed monopole of length and width is coupled electromagnetically to the rectangular SRR element of dimensions × , width , and gap . The coupling distance between the monopole and the resonator is denoted by 1 , whereas the distance separating the ground plane to the lower edge of the SRR is 2 . The monopole is designed to operate at 2.45 GHz. Two configurations were considered depending on the location of the SRR-slot as shown in Figure 2 . Details on the parameters design are given in Figure 2 (a) and Table 1 .
The antenna excitation is ensured by the monopole, which is soldered to the feeding coaxial cable via an sma connector, whereas the SRR acts as a parasitic element. At lower frequency, the monopole acts as a capacitive element and the SRR acts as an inductive one. The presence of the SRR element close to the monopole provides a reactance compensation and consequently we obtain a new resonant frequency lower than the monopole one, which allows the miniaturization of the structure.
Results and Discussion
The main simulated and measured results of the antenna with its two configurations were presented and discussed in this section, where analysis of the gain, directivity, surface current distribution, and the shape of radiation patterns were done in order to explain the origin of the antenna superdirectivity.
Simulation.
The simulated return loss of the antenna with its two configurations A1 and A2 is plotted in Figure 3 .
We can notice that the proposed structure presents a dual-band frequency for both configurations A1 and A2. The higher resonant frequency = 2.45 GHz corresponds to the monopole and seems to be unaffected by the presence of the loop resonator.
The lower resonant frequency appears when we add the SRR element in the vicinity of the monopole. This resonance shifts toward low frequencies due to the effect of the parasitic element ( 1 = 1.55 GHz for A1; 2 = 1.75 GHz for A2), allowing the size reduction of the structure. However, both resonant frequencies seem to be slightly dependent on the SRR-slot position; a frequency shift of 200 MHz can be noticed between configurations A1 and A2.
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We can deduce from Figure 3 that configuration A1 offers more compactness for the structure and better impedance matching at the two operating frequencies than A2.
According to Figure 4 (a), when the frequency < , the imaginary part of the input impedance is negative; the monopole acts then as a capacitive element in this frequency range. However, when the frequency < , the imaginary part of the input impedance is positive (Figures 4(b) and 4(c) ) and the SRR acts as an inductive element. Consequently, the effect of the monopole is compensated by the SRR, and the input impedance of the structure is achieved at the lower resonance frequency , which improves the compactness of the structure.
During the numerical analysis and parametric optimization of the antenna, we have found that the main parameter that may affect the antenna radiation is the coupling distance between the monopole and the RSS element. We have studied then the directivity and the gain as a function of the distance 1 between the monopole and the SRR for the two configurations of the antenna ( Figure 5 ).
We can notice first from Figure 5 that both of the directivity and the gain of the structure depend on the coupling distance between the resonator and the monopole.
According to Figure 5 (a), the maximum simulated directivities are 8.2 dBi and 9.2 dBi for configurations A1 and A2, respectively. We should note here that these values were obtained for coupling distances 1 = 20 mm for A1 and 1 = 4mm for A2, where the antenna is not well matched. In fact, the best impedance matching is obtained for coupling distances equal to 4 mm and 5 mm for A1 and A2, respectively. However at these distances the maximum directivity drops to 4.41 dBi for both configurations.
For the simulated gain, we can notice from Figure 5 (b) that the maximum values are about 9 dBi and 7 dBi, for A1 and A2, respectively. These values were also obtained for coupling distances d1 different from those optimized for the best impedance matching. We can also remark that the gain is more stable for configuration A2 than A1 over the coupling distance range 1-12 mm.
In Figure 6 , we have considered the chart established in [22] to classify the antenna directivity versus the size of three antennas reported in the literature, and we have placed our simulated maximum values obtained for configurations A1 and A2. Harrington's limit was calculated by considering (3) .
Since the radius of the sphere enclosing the structure is = 20 mm for configuration A1 and = 22. [26] Figure 6 : Position of simulated maximum directivities of the structure with its two configurations A1 and A2 in the chart representing the directivity versus the antenna size.
values of the directivity (4.41 dBi for A1 and 5.5 dBi for A2) are placed in the chart of Figure 6 . These values which are calculated from the maximum directivities presented in Figure 5 (a) by subtracting 3 dBi (in order to remove the effect of the ground plane) are situated in the region characterizing ESA antennas above Harrington's directivity limit. Consequently, both configurations A1 and A2 of the studied structure are situated in the first zone of the chart dedicated to small antennas and above Harrington's limit, which means that the proposed structure can be considered as a superdirective and compact antenna. The superdirectivity of the antenna may be attributed to the constructive interference between radiated fields from both the monopole and the resonator; these fields should be in phase or phase-opposition and with the same order of magnitude to obtain the highest directivity.
By analyzing the current distribution for configuration A1 (Figure 7(a) ) at the lower operating frequency and for the optimized coupling distance 1 , we can remark that the current vectors on the horizontal arms of the SRR element are weak and opposite which leads to their compensation. In addition, these currents are orthogonal to the monopole's current, which may lead to a destructive superposition between radiated fields from the monopole and the resonator. However, the current vector on the monopole is high and concentrated only on the right vertical arm of the SRR. This current vector is parallel and opposite to the monopole's current (phase-opposition), which leads to a constructive superposition between radiated fields and then increases of the antenna directivity.
For configuration A2 (Figure 7(b) ), in addition to the vertical SRR current which, as for configuration A1, is parallel to the monopole's current and may explain the increase of directivity, the horizontal SRR current is localized only on the inferior arm of the resonator, close to the ground plane. This high coupling SRR-ground plane may explain the further increase of the directivity of configuration A2 compared to A1. In order to confirm our hypothesis, we have plotted in Figure 8 the current magnitude on both the monopole and the SRR element for different coupling distances.
According to Figure 7 (a) dealing with configuration A1, the current magnitudes on the monopole and the SRR are similar (for 1 = 4 mm, ∼ 2.2⋅10 2 A/m) for configuration A1, while, for configuration A2 (Figure 7(b) ), they are different (for 1 = 4 mm, ∼ 1.6 ⋅ 10 2 A/m for the monopole and ∼ 3.4 ⋅ 10 2 A/m for the SRR). We should note here that by considering coupling distance values slightly superior (5 or 6 mm) to the considered value 1 = 4 mm, which gives also high directivities as shown in Figure 5 , the discrepancy between the monopole and SRR currents is clearly reduced.
For configuration A2 (Figure 7(b) ), although, for the coupling distance 1 = 1mm, the currents on both the monopole and the SRR are different, the effect of the SRRground plane coupling ( 2 = 1 mm) seems to be so high to compensate first for the low monopole-SRR coupling and then to improve the total directivity of the structure.
The simulated 3D-radiation patterns of the structure, with a ground plane of dimension 100 × 100 mm 2 , are given in Figure 9 . These patterns correspond to resonant frequencies 1,55 GHz and 1,75 GHz, for configurations A1 and A2, respectively. We can notice from Figure 9 that the effect of the SRR-slot location on the radiation pattern is not significant.
In addition, the shape of the radiation pattern may be explained by a superposition of two patterns corresponding to an electric dipole (along -axis) and a magnetic dipole (placed orthogonally to -axis). This assumption, verified from simulation of the SRR and the monopole separately, may explain the absence of the radiation null along -axis for the structure.
Then, we can suppose that the structure behaves as a Huygens source, where the SRR element acts as a magnetic dipole and the monopole as electric dipole, which may explain the antenna superdirectivity. The ground plane contributes also to reflect the radiated power from the antenna toward the upper half-plane ( > 0), which increases further the directivity.
Experimental Validation.
The two prototypes of the structure corresponding to configurations A1 and A2 (see Figure 10 ) were realized and characterized by measuring their impedance matching, radiation patterns, and directivity. The return losses were measured over the frequency range 1-3 GHz by using an Agilent-N5230A network analyzer, whereas the radiation patterns and directivity measurements were carried out in the anechoic chamber "SATIMO Stargate32" situated at the IETR Institute.
The measured return losses of the designed antenna for configurations A1 and A2 are given in Figure 11 . We can notice from this figure a good agreement between simulation and measurement with a small discrepancy due to fabrication errors.
As shown in Figure 11 , the proposed antenna presents a dual-band behaviour. The main operating frequency of the structure is the lowest one. Then, this resonant frequency is equal to 1.55 GHz for A1 and 1.75 GHz for A2. The impedance matching of the structure can be better improved by adjusting the distance 2 separating the SRR element from the finite ground plane. Table 2 resumes simulated and measured overall efficiencies (OE) for the two proposed antennas at both lower and higher operating frequencies. The overall efficiency OE is defined as the ratio of the radiated power rad to the input power in [31] :
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The measured radiation patterns of the antenna for both configurations A1 and A2 are illustrated in Figure 12 . We can remark that the antenna focuses its radiation in the halfspace situated above the ground plane. This behaviour is due to the coupling effect between the monopole and the SRR in addition to the presence of the ground plane. We should note that, by increasing the size of the ground plane, we may improve the directivity of the proposed antennas by minimizing the back radiation.
As shown in Figure 13 , the maximum measured directivity of the antenna is around 7.5 dBi for configuration A1 and 9 dBi for A2. As predicted by simulation in Figure 5 (a), the configuration A2 seems to be more directive than A1. This may be explained by the ground plane coupling effect which is more important in configuration A1 than A2.
The improvement of the antenna directivity is due essentially to the coupling effect between the monopole and the SRR which affects the surface currents in the structure and then the whole antenna radiation behaviour, especially its gain and directivity.
In order to better evaluate the performances of the optimized structure A1, we have compared it to two similar antennas [32, 33] in terms of size ( ), efficiency (OE), and gain. Table 3 regroups the obtained results.
The "Z-antenna" is a metamaterial-inspired structure that incorporates a lumped inductor element of value 19nH to reduce its height [32] , whereas the Egyptian-axe dipole antenna [33] uses an electromagnetic band-gap (EBG) structure, which acts as an artificial magnetic conductor ground plane (AMC), in order to increase the gain.
By comparing the optimised antenna A1 to similar structures developed in [32, 33] , we can situate it, in terms of performances, between the Z-antenna and the Egyptian-axe dipole antenna. We have improved the gain (4.28 dB against 3.23 dB for the Z-antenna) and the size ( = 0.58 against 0.99 for the Egyptian-axe dipole antenna). Therefore, the directivity was slightly decreased but still high compared to conventional patch antennas.
Conclusion
The deep directivity analysis of a metamaterial-inspired compact monopole antenna was realized. It is shown that the proposed structure (SRR + monopole) with its two configurations A1 and A2 is compact (0.145 0 ) and may exhibit a superdirectivity behaviour. From the analysis of simulated currents distribution and shape of radiation patterns, we have proposed that the superdirectivity of the structure is due especially to the monopole-SRR coupling ( max = 7.5 dBi for A1). This directivity may be improved further by optimizing also the ground plane-SRR coupling ( max = 9 dBi for A2).
